The model is presented to explain formation of interference fringes appearing in acoustic images obtained by the acoustic microscopy. In the model, the residual vibration in the vibrator is overlapped by the vibration due to the ultrasonic wave reflected from the surface of the solid. The model was confirmed by the periodical change in the output of the vibrator with the water path. Then acoustic images of an inclined glass plate were observed to examine the influence of the inclination angle, the focal position and the wave frequency on the fringe spacing. A height difference corresponding to the fringe spacing was about a half wavelength of the ultrasonic wave in water. The interference fringes were also observed with a specimen with a deep notch under bending test and showed a good agreement with moiré fringes. The presented model suggests that the interference fringes are also formed corresponding to profiles of a reverse surface and a boundary between dissimilar substances. This was confirmed by acoustic images of copper plates with a tapered edge and a shallow groove on the reverse surface, and also those of a copper plate with a dint on the reverse surface, covered by tin alloy solder.
Introduction
In acoustic images obtained by a scanning acoustic microscope, fringe noises often appear due to interference of ultrasonic waves. Figure 1 shows a typical fringe pattern observed in the acoustic image of a copper plate.
In the acoustic microscopy, the V(z) curve is a typical of the wave interference, 1) and a wave reflected from a specimen surface interferes with a leaky surface wave (LSAW) to make a cyclic change in the output of the transducer with a water path z (a distance between the transducer and the specimen surface). The interference of the ultrasonic wave also occurs when a surface or near-surface crack occurs. 2) In this case, interference fringes appear due to superposition of the surface wave reflected from the crack and the wave transmitted through the crack. The wave interference also occurs by using an artificial reference wave and other sources to generate the reference wave. Chubachi et al. 3) introduced an electrically variable phase shifter in the line of reference signal circuit of the mechanically scanned acoustic interference microscope (SAIM) and applied to image topographical profiles on the solid surfaces, and Ebihara et al. 4) applied this system to obtain topographical profiles of the surface and the internal defects. Kawamura et al. 5, 6) visualized the interference fringes along the fiber embedded in the resin matrix by using the interference of the ultrasonic waves reflected from the surface of the matrix and the fibers. In these cases, the electrically variable phase shifter and the solid surface played the role of the generator of the reference wave. In the case of interference fringes in Fig. 1 , however, there was no source to generate the reference wave, but other sources should be found to explain formation of the interference fringe.
In the present work, a model is presented to explain formation of the interference fringe in the acoustic image.
The model was confirmed by the experiment with a glass plate, an aluminum rod and copper plates. The present model also suggests formation of the interference fringe corresponding to profiles of a reverse surface and a boundary between dissimilar substances under suitable measurement conditions. To testify this, acoustic images were observed with copper plates with a tapered edge and a shallow groove on the reverse surface, and with the copper plate with a dint covered by tin alloy solder.
Interference Model
In the acoustic microscopy, the ultrasonic wave generated by the vibrator travels in water, and then irradiates a solid surface. A part of the incident wave is reflected from the solid surface, and the other penetrates it. In the solid, the ultrasonic wave travels to the reverse surface. Finally, waves reflected from the obverse and the reverse surfaces go back to the detector. This process is schematically shown in Fig. 2 together with an output signal of the detector (in this case, the vibrator also plays the role of the detector). In the figure, small vibration is observed ahead of the wave reflected from the obverse surface of the solid (the surface echo, S in the figure). This signal is thought to be a vibration remaining in the vibrator after agitation by electric pulse. In this situation, it was assumed that in the vibrator, the residual vibration a r was overlapped by the vibration a s due to the surface echo. These two waves are written by 10 mm 
where a r0 and a s0 are the absolute amplitudes, f is the frequency of the ultrasonic wave and t is the elapsed time after generation in the vibrator. The time t s (¼ z s =C w ) is the time delay while the ultrasonic wave travels from the vibrator surface to the solid surface (the water path z s shown in Fig. 2 ) with the velocity C w in water. These two waves (a r and a s ) are superposed on the vibrator, and the resultant intensity I is given by
where w is the wavelength of the ultrasonic wave (¼ C w = f ), I 0 is the average intensity and is the modulation amplitude. The intensity I sinusoidally changes depending on the water path z s , and a height difference Áz for one cycle of the intensity variation (hereafter referred to as the height difference) is given by a half of the wavelength of the ultrasonic wave in water ( w =2). For example, Áz % 15 mm for the ultrasonic wave of 50 MHz in frequency. To confirm this model, the intensity change of the ultrasonic wave with the water path was examined with a glass plate. The wave intensity was measured at a focal position of the ultrasonic wave by using a scanning acoustic microscope (SAM) with a probe generating a longitudinal wave of 50 MHz in frequency and of a focal distance of 12 mm in water. Figure 3 shows a sinusoidal change of the wave intensity with a focal and measurement position d f of the ultrasonic wave below the specimen surface. The height difference Áz was about 14 mm and was in good agreement with the predicted value.
Relation between Fringes and Surface Profile

Measurement with inclined glass plate
Interference fringes were observed in the acoustic image of the inclined glass plate to examine influences of the inclination angle of the glass plate and the focal position of the ultrasonic wave on a fringe spacing. Acoustic images were obtained by using the prove generating a wave of 50 MHz in frequency. The acoustic image was also obtained by using probes of 20 MHz in frequency to examine the influence of the wave frequency. Figure 4 shows interference fringes appearing in the acoustic image at different inclination angles of the glass plate. Acoustic images were obtained at a focal position 1 mm below the plate surface. With increasing inclination angle of the glass plate, the fringe spacing was decreased from 1.9 mm in the case of 0.4 deg to 1.0 mm in the case of 0.8 deg, but a height difference corresponding to the fringe spacing was about 14 mm, and was in good agreement with the prediction Áz % 15 mm. In Fig. 5 , interference fringes are shown at different focal and observation positions of the ultrasonic wave. There was no change in the fringe spacing, but difference in the contrast of the fringe. Acoustic images were obtained with a vibrator of 20 MHz in frequency, and the fringe spacing was about 2 times of that at the frequency of 50 MHz. 
Measurement under bending test
To examine a topographical mapping of the interference fringe corresponding to the surface profile, acoustic images of a specimen under bending test were observed. From a pure aluminium rod of 10 mm Â 10 mm in section, specimens were fabricated for three-point bending test. At a center of the specimens, a notch of different radii and 5 mm in length was introduced. The specimen was bent to a required deflection to open the notch, and then subjected to observation of the acoustic image with a probe generating a longitudinal wave of 50 MHz in frequency. In the analysis, the ultrasonic wave was focused and observed at a focal position 1 mm below the surface.
The acoustic images were also obtained with specimens removed from the bending device to compare with moiré fringes. Moiré interferometric fringes were obtained with a white light diode as a light source and a Ronchi grating plate of 20 lp/mm. In the measurement, the light source and the camera were separated by 135 mm and placed at a height of 135 mm above the specimen surface to obtain moiré fringes of 50 mm in height difference/fringe. Figure 6 shows typical acoustic images at a notch root of 2.5 mm in radius under different deflections of the specimen. The interference fringes appeared corresponding to a dent near by the root of notch expanded with increased load. The specimen was removed from the bending device, and then subjected to the SAM observation and the moiré fringe analysis. In Fig. 7 , the interference fringes are in good agreement with the moiré fringes to confirm that the acoustic fringe is formed corresponding to the topographical profile of the specimen surface.
Formation of Interference Fringes corresponding to Reverse Surface Profile
The present model also gives a situation that a vibration due to the ultrasonic wave a b reflected from the reverse surface of the object overlaps on the vibrations a r and a s in the vibrator when the acoustic image is obtained at a depth of the reverse surface. The wave a b is written by 
where t b is the time delay while the ultrasonic wave travels from the vibrator to the reverse surface of the solid. Considering the contribution of the wave a b , the intensity of the vibrator is given by
where z s and z b are the water path and the distance between the vibrator surface and the reverse surface, respectively, and m is the wavelength of the ultrasonic wave in the solid. In this case, three terms of the wave interference appear, and their modulation amplitudes are written by 1 , 2 and 3 . The first and the second terms are made by the superposition of the reference wave and the waves reflected from the obverse and reverse surfaces of the solid, respectively. The third term is made by the superposition of the waves reflected from the obverse and reverse surfaces. Under the condition that the ultrasonic wave is irradiated on the obverse surface at a right angle, the water path z s is treated as a constant and only the distance z b changes with the position of the reverse surface, and the second and the third terms in eq. (5) show a periodical change with a height difference Áz b (¼ m =2). To confirm this, acoustic images were obtained with thin copper plates having a tapered edge or a groove on the reverse surface.
Experimental procedure
Rectangular copper plates of 2 mm in thickness, 10 mm in width and 100 mm in length were prepared. An edge of the plate was tapered off to reduce a thickness by about 0.5 mm with an emery paper of #1500, and a thin shallow groove of about 0.5 mm in depth was introduced in the other plate. Then, acoustic images of the tapered edge and the groove on the reverse surface were obtained by irradiating the ultrasonic wave on the obverse surface of the plate. In the measurement, the ultrasonic wave of 50 MHz in frequency was focused at different positions below the surface, and the acoustic images were obtained at a position of the reverse surface. For comparison, moiré fringes were also obtained on the reverse surface with the same setup shown in the preceding section.
Results and discussion
In Fig. 8 , the acoustic fringes (left) are compared with the moiré fringes (right). The moiré fringes were obtained on the reverse surface and then turned the right side left to obtain the same arrangement as the acoustic images. As shown in the figures, the profile of the interference fringe is in good agreement with that of the moiré fringe.
From these results, it was confirmed that acoustic fringes are formed as contour lines corresponding to the reverse surface profile.
Formation of Interference Fringes corresponding to Profiles of Interface between Different Substances
In derivation of eq. (5), a substance behind the reverse surface was not considered. Even when the solid is contacted with the other solid to form a boundary between the solids, eq. (5) should be still valid and applicable. To confirm this, acoustic images were obtained with a copper plate with a dint covered by a tin alloy solder.
Experimental procedure
On a reverse surface of a copper plate of 2 mm in thickness, a semi-spherical dint of about 0.5 mm in depth was introduced by pressing a spherical steel ball of 10 mm in diameter with a hydrolic press. Acoustic images of the dint were obtained by irradiating the ultrasonic wave on the obverse surface under the same conditions as mentioned in the preceding section. Moiré fringes were also obtained at the dint with the same setup as mentioned in the preceding section. Then the dint was covered by the tin alloy solder, and acoustic images of the dint were obtained by irradiating the ultrasonic wave on the obverse surface of the plate.
Results and discussion
Figures 9(a) and (b) show a profile of the dint observed through optical microscope and the moiré fringes at the dint, respectively. In Figs. 9(c) and (d), acoustic images of the dint before and after covering with the solder are shown, respectively. Since the acoustic images of the dint introduced on the reverse surface of the plate were taken from the obverse surface, a mark in the dint faces an opposite direction to that in the photograph. It was confirmed that interference fringe in the dint covered with the solder take the same spacing as that before covering and also as the moiré fringe, as was expected from eq. (5). The interference fringe at the covered dint is slightly unclear compared to that before covering due to difference in the reflectivity at the interface, which is related to the acoustic impedance of substances ahead of and behind the interface.
Conclusion
To explain appearance of the interference fringes in the acoustic image, the interference model was presented in consideration of superposition of the vibration of the wave reflected from the surface of the object on the residual vibration in the vibrator. The model was confirmed by measuring the change in the output of the vibrator with the water path. Then the acoustic images were obtained with the inclined glass plate, and the height difference corresponding to the fringe spacing of the interference fringes was in good agreement with a half of the wavelength of the ultrasonic wave in water as was expected from the theory. Acoustic images were also observed with specimens with the deep notch under bending test, and the fringe patters were in good agreement with the moiré fringes.
The model also suggested the formation of the interference fringe corresponding to the reverse surface and the interface profiles, and it was confirmed by observing acoustic images of copper plates with a slightly tapered edge or a shallow groove, and of the copper plate with a dint covered by the tin alloy solder. In these observations, the interference fringe obtained from the obverse surface was in good agreement with the moiré fringe obtained on the reverse surface.
From these results, it was found that the interference fringe appears corresponding to profiles of not only the obverse surface of the solid, but also the reverse surface and the interface between different substances. 
